A number of epitope specificities associated with the cell wall polysaccharide antigen of group A streptococci were identified in a polyclonal rabbit antiserum induced in rabbits by whole group A streptococci and in polyclonal convalescent human antisera from children that had recovered from streptococcal A infections. The identification was achieved by using a series of synthetic oligosaccharides, glycoconjugates, and bacterial polysaccharide inhibitors to inhibit the binding of the group A helical polysaccharide to the polyclonal antisera. The exclusively dominant epitope expressed in the convalescent human antisera was the doubly branched extended helical hexasaccharide with the structure ␣-L-Rhap (132) (133)]␣-L-Rhap, although both these haptens bound significantly to the same rabbit antiserum, albeit with less immunoreactivity than the hexasaccharide. Inhibition studies using streptococcal group A and B rabbit antisera and the inhibitors indicated above also suggested that the group A carbohydrate, unlike the group B streptococcal polysaccharide, does not contain the disaccharide ␣-L-Rhap(132)␣-L-Rhap motif at its nonreducing chain terminus, stressing the importance of mapping the determinant specificities of these two important streptococcal subcapsular group polysaccharides to fully understand the serological relationships between group A and group B streptococci.
The group A streptococci (GAS) are primary infective agents in humans and cause infectious diseases ranging from mild (pharyngitis [strep throat], impetigo, and cellulites) to very severe (pneumonia, toxic shock syndrome, and necrotizing fasciitis or flesh-eating disease) (23, 26, 30, 37) . These organisms have been the subject of investigation in the past because of their sequelae, including rheumatic fever, rheumatic heart disease, and acute glomerulonephritis (1, 5, 17, 35, 39) , and more recently because of the identification of pediatric autoimmune neuropsychiatric disorder associated with group A streptococcal infection (32) .
The chemical makeup of the group A antigen was first investigated by McCarty, and this antigen was determined to be a group consisting of N-acetylglucosamine and rhamnose (18, 19, 20) . The group carbohydrate antigen has remained one of the primary diagnostic tools used to identify group A streptococcal infections and forms the basis of many of the currently used "rapid strep tests" (21, 34) . The studies of Riesen et al. with the group A antigen were the first studies to describe the oligoclonal nature of the antibody response in humans to carbohydrate antigens (28) . However, interest in this carbohydrate as a vaccine candidate did not arise until recently (6) .
The threat of antibiotic-resistant bacteria (38) in the future makes a vaccine protocol an attractive alternative to the present antibiotic protocol (14) . In addition, a vaccine strategy might circumvent the current therapy for invasive necrotizing fasciitis and myositis, which involves high doses of antibiotics, aggressive surgery, and administration of intravenous immunoglobulin (30, 37) . We have focused on development of a vaccine based on the GAS cell wall polysaccharide (29) . A patent describing the preparation of GAS polysaccharide (GASP) conjugates for use as vaccines has been issued (6) . The bactericidal activity of human sera (containing antibodies to the GAS polysaccharide) in vitro against several strains of GAS has been demonstrated, and the phagocytic, serological, and protective properties of streptococcal group A carbohydrate antibodies have also been demonstrated (29, 40) . Well-defined oligosaccharide-conjugate vaccines have also been explored with other bacterial systems with a view toward eliciting discriminating immune responses (4, 25) . We propose to adopt this strategy for the group A streptococci.
Previous immunochemical work in our laboratory using the cell wall polysaccharide of GAS, synthetic portions of this compound, and glycoconjugates ( Fig. 1) has indicated that the branch point and the size of the GAS antigen are crucial elements of the epitope recognized by both rabbit polyclonal and mouse monoclonal antibodies that bind the native polysaccharide antigen (8, 24, 27) . Conformational analysis has shown that the branch point represented in the trisaccharide repeating motif of the polysaccharide is a well-defined conformational feature both in the free ligand form and when the compound is bound to an antibody (15, 31, 36) . Furthermore, epitope mapping of a branched trisaccharide and a doubly branched hexasaccharide by saturation transfer difference nuclear magnetic resonance methods (12) has confirmed the importance of the branched trisaccharide epitope recognized by a mouse monoclonal antibody (11) . The latter studies have served to check and validate previous computed models of the polysaccharide and oligosaccharide-antibody complexes (15, 24, 31) . In these models, the polysaccharide exists in a helix in which the rhamnosyl residues form the core of the helix and the immunodominant N-acetylglucosamine residues are disposed on the periphery (16, 24, 31) Before further evaluation of oligosaccharide-conjugate vaccines for GAS is warranted, it is critical that the GAS carbohydrate epitopes recognized by human sera in particular are delineated. Here we describe the determinant specificities of the GAS polysaccharide binding to rabbit polyclonal antisera raised against whole GAS bacteria and to human convalescentphase sera. The possible topographies presented to the human immune system are also discussed below.
MATERIALS AND METHODS
Growth of group A streptococcus wild type and GAS variant. Wild-type GAS strain D58X and GAS variant strain M8 expressing a linear group A polysaccharide lacking terminal N-acetylglucosaminyl residues were provided by John Zabriskie of The Rockefeller University, New York, N.Y. Both GAS strains were grown in Columbia broth containing glucose.
Preparation of group A polysaccharide and group A variant polysaccharide. The cell wall group A polysaccharide (Fig. 1, compound 6 ) and its variant form (compound 7) were extracted from wet GAS cell paste obtained after fermentation of the bacteria and separation of the cells from the culture supernatant by centrifugation. The polysaccharides were released from the cell wall by treatment at room temperature with sodium nitrite and were purified by a series of size exclusion chromatography procedures. The final products were characterized by 500-MHz nuclear magnetic resonance analysis using a Bruker AMX-500 spectrometer. The sizes and polydispersity of the polysaccharides were determined using size exclusion chromatography on line with a multiangle laser light scattering detector (miniDawn; Wyatt Technology) (7) .
Preparation of the pentasaccharide-tetanus toxoid conjugate (compound 5). A solution of the allyl glycoside of the pentasaccharide (compound 2) (23 mg) (9) and cysteamine hydrochloride (44 mg) in methanol (MeOH) (1.0 ml) was irradiated with a Hanovia UV lamp for 50 min. The solution was passed through a Dowex 1 (OH Ϫ ) column (1.5 cm by 8 cm) with MeOH, and the combined fractions that contained the product, as assessed by thin-laver chromatography (R f , 0.8) with MeOH-concentrated NH 3 -H 2 O (7:2:1), were concentrated to obtain the cysteamine adduct (18 mg) as a colorless solid. A portion (15 mg) was dissolved in MeOH (2 ml) and treated with a stock solution of diethyl squarate in MeOH (0.14 M, 200 l) for 1 h at room temperature. The mixture was concentrated and purified by column chromatography on silica gel with ethyl acetate-MeOH-H 2 O (6:3:1) to obtain the monoethyl squarate derivative (14 mg) as a colorless glass. A portion (2.8 mg; 40 equivalents/tetanus toxoid [TT] molecule) was dissolved in H 2 O (100 l) and added to tetanus toxoid (9.6 mg) in 0.1 M carbonate buffer, pH 10 (400 l). After incubation for 7 days at room temperature, analysis by matrix-assisted laser desorption ionization mass spectrometry (sinapinic acid matrix) indicated that no further increase in mass had occurred, and the observed mass (177,000 Da) was used to calculate that an average of 23 pentasaccharide units was present on each tetanus toxoid molecule. The reaction mixture was dialyzed against distilled water (three times, 5 ml) using an Amicon ultrafiltration cell equipped with a Diaflo membrane. The residue was taken up in water and lyophilized to obtain the tetanus toxoid-pentasaccharide conjugate (compound 5) as a white powder (9.1 mg).
Group A polysaccharide-HSA conjugate. The purified group A polysaccharide was conjugated to human serum albumin (HSA) by direct reductive amination using sodium cyanoborohydride (NaBH 3 CN), as described previously (10), to obtain a conjugate (compound 8) with an average of three polysaccharide chains per HSA molecule.
Antisera. Reference typing rabbit antisera specific for GAS and group B streptococci (GBS) were obtained from Difco. Convalescent-phase sera containing high levels of anti-group A polysaccharide antibody, obtained from two children (ages, 4 to 8 years) in a group of 20 children (University of Virginia at Charlottesville) who had confirmed group A streptococcal infections, were chosen for further study; their profiles were representative of the collection of samples.
ELISA for binding of antibody. Microtiter plates (Nunc Polysorp) were passively coated with either hexasaccharide-bovine serum albumin (BSA) (compound 4), pentasaccharide-TT (compound 5), or GASP-HSA (compound 8) conjugates (approximately 100 ng in 100 l/well) diluted in phosphate-buffered saline (PBS) (950 mM sodium phosphate, 150 mM NaCl, pH 7.4) for 1 h at 37°C. After the plates were washed with PBS containing 0.05% Tween 20 (PBS-Tween) (pH 7.4), they were postcoated with 150 l/well PBS containing 0.1% bovine serum albumin (pH 7.4) for 1 h at room temperature. After the postcoating, the plates were washed and stored at 2 to 8°C until they were used.
Rabbit antisera or human convalescent-phase sera were diluted serially in PBS-Tween in wells of coated microtiter plates to obtain a final volume of 100 l/well and incubated for 1 h at room temperature. The plates were washed with PBS-Tween, and 100 l of an appropriate primary conjugate was added to each well. For the rabbit antisera, the conjugate was a goat anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase (HRP) conjugate (KPL Laboratories), and for the human convalescent-phase sera, the conjugate was either goat antihuman IgG-HRP or goat anti-human IgM-HRP (KPL Laboratories) diluted 1:2,500 in PBS-Tween. Following 1 h of incubation at room temperature, the plates were washed again, and 100 l of TMB substrate solution (KPL) was added to each well. The plates were incubated for 5 to 10 min at room temperature, and color development was stopped by addition of 100 l of one-component stop solution (KPL) to each well. The optical density at 450 nm of each well was determined, and titration curves were generated for each condition.
ELISA for inhibition of antibody binding. Microtiter plates were coated as described above. Rabbit antisera or representative GASP-specific human convalescent-phase sera exhibiting high immunoreactivity were titrated on plates coated with the coating conjugate of interest (either hexasaccharide-BSA [com- Samples of sera and inhibitors were incubated in the microtiter plates for 1 h at room temperature. The microtiter plates were washed with PBS-Tween, and then 100 l of the appropriate HRP conjugate (as described above) diluted 1:2,500 in PBS-Tween was added to each well. The plates were incubated for 1 h at room temperature and washed with PBS-Tween. One hundred microliters of TMB substrate solution (KPL) was added to each well. The plates were incubated for 5 to 10 min at room temperature, color development was stopped by addition of 100 l/well of one-component stop solution (KPL), and the absorbance at 450 nm was determined. Inhibition was expressed as a percentage of the maximum signal achieved with dilute serum in the absence of any inhibitor.
RESULTS AND DISCUSSION
Haptens and glycoconjugates. The trisaccharide B(C)AЈ (compound 1) (3), pentasaccharide B(C)AЈBЈA (compound 2) (9), and hexasaccharide B(C)A Ј B Ј (C Ј )A (compound 3) (3) haptens, present as their allyl glycosides, and the hexasaccharide-BSA conjugate (compound 4) (2) were available from our previous work. The pentasaccharide-TT conjugate (compound 5) was prepared by conversion of the allyl glycoside (compound 2) (9) to the corresponding cysteamine adduct, as described previously (2). This amine was linked to 3,4-diethoxy-3-cyclobutene-1,2-dione (diethyl squarate) in methanol to obtain the monoethyl squarate adduct, which was then coupled to tetanus toxoid in carbonate buffer, as described previously for the coupling of oligosaccharides to various protein carriers (2, 13, 33) . For convenience, the structures of the oligosaccharide haptens (compounds 1 to 3), the polysaccharides (compounds 6 and 7), and the glycoconjugates (compounds 4, 5, and 8) used in this study are summarized in Fig. 1 .
Specificity of the GAS rabbit antiserum for the group A cell wall polysaccharides. The immune responses of rabbit antisera raised to both group A and group B streptococcal organisms (whole-cell preparations) to group A cell wall polysaccharide were examined by analysis on a microtiter plate coated with GASP-HSA conjugate (compound 8). ELISA titration of the polyclonal streptococcal group A rabbit antiserum revealed that there was high-titer binding of this antibody to the solidphase coated antigen (Fig. 2a) . In contrast, a group B streptococcus-specific antiserum did not show any reactivity with the group A streptococcal antigen (Fig. 2a) .
To examine the fine specificity of the rabbit anti-GAS antiserum to group A polysaccharide epitopes, inhibition of ELISA binding of this antiserum to the GASP conjugatecoated plate was carried out with a series of synthetic GAS oligosaccharide inhibitors (Fig. 1) . The inhibitory activities of the oligosaccharide haptens (compounds 1 to 3) are shown in Fig. 2b . The doubly branched hexasaccharide (compound 3) was a significantly (approximately 20-fold) better inhibitor than the branched pentasaccharide (compound 2), which in turn was a better (approximately 15-fold) inhibitor than the branched trisaccharide (compound 1). The native GAS polysaccharide (compound 6) containing an average of 20 contiguous branched trisaccharide repeating units was a significantly better inhibitor (2 orders of magnitude) than the hexasaccharide (compound 3), presumably due to its multivalency. Presumably because of its pentavalency, the doubly branched hexasaccharide-BSA glycoconjugate (compound 4) had inhibitory properties similar to those of the polysaccharide.
To further examine the fine specificity of the rabbit anti-GAS antiserum, a similar binding and inhibition study was conducted on microtiter plates coated with the doubly branched hexasaccharide-BSA conjugate (compound 4) as the coating antigen in place of the GASP-HSA conjugate (compound 8) used in the experiment described above. The titration profile of the two anti-group A antisera with the hexasaccharide-BSA conjugate (compound 4) (Fig. 3a) was similar to the pattern seen with the GASP-HSA conjugate (compound 8), in that the rabbit anti-group A streptococcus antiserum bound with a high titer and very little reactivity was displayed by the anti-group B antiserum. A similar pattern of inhibition of the rabbit anti-GAS antiserum was observed when the doubly branched hexasaccharide-BSA conjugate (compound 4) was used as the coating antigen in place of the GASP-HSA conjugate (compound 8) (Fig. 3b) . That is, the doubly branched 
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on October 23, 2017 by guest http://iai.asm.org/ hexasaccharide (compound 3) was a 40-fold-better inhibitor than the branched pentasaccharide (compound 2), which in turn was a 40-fold-better inhibitor than the branched trisaccharide (compound 1). However, it is worth noting that in this case the conjugate (compound 4) seemed to be better than the GASP as an inhibitor of the binding between the rabbit antiserum and the coating antigen, as might be expected since the coating antigen and inhibitor were identical. Binding relationships between GAS and GBS rabbit antisera toward shared epitopes on the branched pentasaccharide. ELISA titration of the polyclonal streptococcal group B rabbit antiserum (raised against whole GBS organisms) on a microtiter plate coated with the pentasaccharide-TT glycoconjugate (compound 5) (containing ca. 23 pentasaccharide units per molecule of TT) was performed. The titration curve indicated that there was high-titer binding of the antibody to the antigencoated plate (Fig. 4a) . The same group B antiserum did not bind to the GASP-HSA-coated plate and the hexasaccharide-BSA (compound 4)-coated plate, as shown in Fig. 2a and 3a , respectively. The polyclonal rabbit group A antiserum bound to the pentasaccharide-TT-coated plate and produced a titration curve nearly identical to that of the group B antiserum (Fig. 4a) . These findings can be rationalized as follows. Structural and immunochemical studies have shown that a terminal ␣-L-(132)-trirhamnopyranoside is the dominant epitope on the streptococcal group B-specific polysaccharide (22) . The pentasaccharide-TT glycoconjugate (compound 5) contains an ␣-L-(132)-dirhamnopyranoside chain terminus that binds to the group B antibody but also contains the GAS branched trisaccharide that binds to the group A antibody. 
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To further examine the fine specificity of the rabbit antigroup B streptococcus antiserum, inhibition of binding of this antiserum to the pentasaccharide-TT-coated plate was carried out with the following inhibitors: pentasaccharide (compound 2), hexasaccharide (compound 3), GASP (compound 6), and the corresponding pentasaccharide-TT (compound 5) and hexasaccharide-BSA (compound 4) conjugates (Fig. 4b) . The pentasaccharide is a 50-fold-better inhibitor of this antiserum than the hexasaccharide in its monovalent form. The conjugated form of the pentasaccharide is also a much more potent inhibitor (by 3 orders of magnitude) of the rabbit group B antiserum than the hexasaccharide glycoconjugate. The GASP (compound 6) is also clearly not as effective at competing with the pentasaccharide solid-phase antigen with the group B antiserum as the pentasaccharide conjugate (compound 5) (by over 3 orders of magnitude).
Taken together, this evidence argues against the presence of a chain terminus consisting of a nonreducing ␣-L-(132)-dirhamnopyranoside on the GASP, as was previously suggested (11) .
Specificity of human convalescent sera for the GASP. To examine the fine specificity of the immune response in humans to group A streptococcal infection, convalescent-phase sera from two children that had confirmed GAS infections were tested for their specificity for the group A polysaccharide. The results of ELISA titration of these two sera on a GASP-HSAcoated plate are shown in Fig. 5a . The two sera used in this study exhibited high-titer GASP-specific IgG binding but significantly lower-titer (approximately 2 orders of magnitude) IgM binding. The high-titer IgG anti-GASP response could be indicative of a thymus-dependent-like presentation of this carbohydrate in the context of the whole organism, or it could be due to the fact that the GASP is a rather low-molecular-weight cell wall carbohydrate that could also interact with T cells through proteins bound in close proximity on the cell wall. In contrast, typical thymus-independent high-molecular-weight capsular polysaccharides that are shed by the organisms are usually unable to elicit a significant IgG response but rather lead to an IgM response of short duration.
Further delineation of the fine specificity of the human response was examined by competitive inhibition of the binding of the two human sera to GASP-HSA (compound 8) with GAS synthetic inhibitors (compounds 1 to 4) and polysaccharides (compounds 6 and 7) (Fig. 1) . The inhibition curves for the two sera are shown in Fig. 5b and 5c . It is evident from these curves that the singly branched trisaccharide (compound 1) and pentasaccharide (compound 2) are not very effective in inhibiting the binding of these antisera compared to the doubly branched hexasaccharide (compound 3) (more than 6 and 5 orders of magnitude, respectively). The GASP (by approximately 10-fold in both cases) and the pentavalent hexasaccharide-BSA glycoconjugate (compound 4) (by at least 2 orders of magnitude) are significantly better inhibitors than the unconjugated hexasaccharide (compound 3). The variant GASP (compound 7), which lacks terminal N-acetylglucosamine residues, does not inhibit either of these antisera at the concentrations used in the experiment.
Competitive inhibition of the binding of the two human sera to the hexasaccharide-BSA conjugate (compound 4) coated on a plate was carried out with the GAS synthetic inhibitors (compounds 2 to 5) and the polysaccharides (compounds 6 and 7) (Fig. 1) . The inhibition curves for the two sera are shown in Fig. 5d and 5e. Again, in an even more pronounced fashion, neither the pentasaccharide (compound 2) nor the pentasaccharide-TT conjugate (compound 5) was able to compete in the binding of either antiserum to the glycoconjugate-coated plate, whereas the unconjugated and conjugated hexasaccharides (compounds 3 and 4, respectively) were excellent inhibitors. The native GASP (compound 6) was approximately equivalent or slightly more efficient, depending on the individual antiserum examined, than the hexasaccharide (compound 3) in inhibiting the binding of both antisera to the hexasaccharide-BSA conjugate (compound 4).
Summary. The results presented above seem to indicate that the human antibody generated upon exposure to a streptococcal organism has a much narrower epitope specificity for GASP than the rabbit antibody. The rabbit antibody does not exhibit such a pronounced difference in recognition between the singly branched (tri-and pentasaccharide) and the doubly branched (hexasaccharide) epitopes (only 1 and 2 orders of magnitude difference, respectively). The human subjects were children who were 4 to 8 years of age and were likely exposed several times to infectious group A streptococcus. It is plausible that antibody maturation upon repeated exposure in the human subjects was responsible for the narrow epitope specificities. As previously observed (8, 24, 27) , the results also indicate that the branch point and the size of the GAS antigen are crucial elements of the epitope recognized by both polyclonal human and rabbit antibodies.
Conformational analysis of the oligosaccharides (compounds 1 to 3) showed that the branch point represented in the trisaccharide (compound 1) and pentasaccharide (compound 2) is a well-defined conformational feature both in the free ligand and when the compound is bound to an antibody (11, 15, 24, 31) . The polysaccharide exists in a helix (Fig. 6 ) in which the rhamnosyl residues form the core of the helix and the N-acetylglucosamine residues are disposed on the periphery. The helix of GASP presents the branched trisaccharide motif to the polyclonal rabbit antisera, as well as an accessible extended surface (24) in both the pentasaccharide (compound 2) and doubly branched hexasaccharide (compound 3), but the extended helices of the hexasaccharide (compound 3) and the polysaccharide (compound 6) are recognized significantly better by the human antisera.
These results are significant for the design of a human glycoconjugate vaccine based on fragments of the GAS cell wall polysaccharide. We concluded that an effective oligosaccharide conjugate vaccine would require presentation to the immune system of a contiguous series of GASP helical motifs and would likely be comprised of structures at least as large as a doubly branched hexasaccharide.
